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APPARATUS AND METHOD FOR “LEPARS” 
INTERVAL-BASED FUSION PACING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This patent application relates to a non-provisional US. 
patent application by Hill; namely, Ser. No. 10/000,474 ?led 
26 Oct. 2001, issued 22 Mar. 2005 as US. Pat. No. 6,871, 
096 and entitled, “SYSTEM AND METHOD FOR BI 
VENTRICULAR FUSION PACING” a non-provisional 
US. patent application by Burnes and Mullen entitled, 
“APPARATUS AND METHODS OF ATRIAL-BASED BI 
VENTRICULAR FUSION PACING;” Ser. No. 10/803,570 
?led 17 Mar. 2004 now US. Pat. No. 7,181,284 and a 
non-provisional US. patent application by B. Ferek-Petric; 
namely Ser. No. 10/802,953 ?led 17 Mar. 2004, entitled, 
“MECHANICAL SENSING SYSTEM FOR CARDIAC 
PACING AND/OR FOR CARDIAC RESYNCHRONIZA 
TION THERAPY,” noW abandoned and the entire contents 
of each is hereby incorporated by reference herein. 

FIELD OF THE INVENTION 

The present invention pertains to cardiac pacing systems. 
In particular, the invention relates to apparatus and methods 
for improving cardiac function for patients by employing an 
improved form of left ventricle (LV) pacing therapy delivery 
based at least in part on the premise that RV activation via 
the right bundle is superior to RV pacing activation, and also 
utilizes the unique physiologic inter-ventricular conduction 
time (IVCT) of a subject. 

BACKGROUND OF THE INVENTION 

Cardiac resynchronization therapy (CRT) is a promising 
and accepted device therapy for patients With systolic heart 
failure classi?ed in NeW York Heart Association (NYHA) 
class III and IV. Current (2003) indications include patients 
Who, despite optimal medication, are symptomatic, and Who 
demonstrate LV asynchrony. The latter occurs in patients 
With left bundle branch block (LBBB) and typically presents 
With a QRS Width (measured on an ECG machine) of greater 
than about 130-150 ms. Herein, “asynchrony” is character 
ized by a delay in systolic contraction betWeen the intra 
ventricular septum and the left ventricular (LV) free Wall. 

Currently available CRT bi-ventricular pacing generally 
employs one lead positioned in operative communication 
With the right ventricle (RV) and one lead in operative 
communication With a portion of one of the tributaries of the 
coronary venous system. The myocardial venous system 
provides a pathWay for deployment of LV stimulation of the 
lead (and associated electrodes) to operatively communicate 
With the LV. In most patients, an additional lead is deployed 
to the right atrium (RA) for atrioventricular (AV) synchro 
nization during pacing. Exceptions for placement of the 
atrial lead include patients suffering from chronic atrial 
?brillation (AF) or having a relatively high AF “burden.” 
According to such CRT delivery, electrical stimulation of 
both the RV and LV operates to assist ventricular asynchrony 
and increase contractility (as measured by ventricular pres 
sure development (dP/dt). For certain patients, further assis 
tance of contractility can be achieved by variation of the 
inter-ventricular (“V-V”) interval. The V-V interval is the 
interval of time betWeen LV and RV stimulation (or vice 
versa), Which is a programmable parameter in currently 
available pulse generators (implantable, temporary and/or 
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2 
external). Optimization of the V-V interval can be performed 
on the guidance of echocardiographic or hemodynamic 
parameters as is knoWn in the art. 

In several studies it has been observed that LV pacing is 
hemodynamically superior or at least equal to bi-ventricular 
pacing. HoWever, the inventors suggest that to date little or 
no attention has been paid to the mechanism(s) behind the 
observation. 

In the above-referenced patent application to Hill, Hill 
appears to have discovered that in certain patients exhibiting 
symptoms resulting from congestive heart failure (CHF), 
cardiac output is enhanced by timing the delivery of an LV 
pacing pulse such that evoked depolarization of the LV is 
triggered by a sensed intrinsic depolarization of the RV. The 
conclusion Was based on the notion that a “fusion” depo 
larization enhances cardiac output in cardiac patients Where 
the RV depolarizes ?rst due to intact A-V conduction of a 
preceding intrinsic or evoked atrial depolarization Wave 
front, but the A-V conducted depolarization of the LV is 
unduly delayed. The fusion depolarization of the LV is 
attained by timing the delivery of an LV-PACE pulse to 
folloW, in time, the intrinsic depolarization of the RV but to 
precede, in time, the intrinsic depolarization of the LV. 
Accordingly, an RV-PACE pulse is not delivered due to the 
inhibition of the RV-PACE upon the occurrence of a sensed 
RV-EVENT, alloWing natural propagation of the Wave front 
and depolarization of the septum, While an LV-PACE pulse 
is prematurely delivered in fusion With the RV depolariza 
tion. 

HoWever, due to a number of factors (e.g., the amount of 
time required for appropriate signal processing, confounding 
conduction delays or conduction blockage of a patient, 
electrode placement and the like) for a variety of patients A 
CRT delivery system that takes all these factors into con 
sideration is needed. 

Speci?cally, there is a need for structures, methods and 
processes to ef?ciently and chronically deliver and control 
of pacing therapy to effect ventricular fusion in cardiac 
patients Who might otherWise not receive similar bene?ts 
from bi-ventricular CRT therapy. 

SUMMARY 

The present invention relates to a novel means of deter 
mining the appropriate timing for LV-only pacing therapy 
delivery based on an evaluation of inter-ventricular conduc 
tion time (IVCT) betWeen the RV and the LV. The inventors 
have empirically shoWn that LV hemodynamic response to 
LV-only ventricular pacing stimulation rivals LV hemody 
namic response to bi-ventricular pacing (including CRT) for 
a majority of patients. According to the invention, ventricu 
lar fusion is achieved When a depolarization Wavefront 
evoked by LV-only pacing merges With an intrinsic depo 
larization Wavefront (propagated via the right bundle 
branch). Fusion betWeen this pair of depolarization Wave 
fronts (one intrinsically activated, one activated via pacing 
stimulus) is achieved by closely monitoring and maintaining 
the IVCT by adjustment of the AV interval (for A-LV 
pacing). 
The optimum value for What the inventors’ refer to as the 

“LEPARS interval” (derived from: LEft ventricular PAcing, 
Right ventricular Sensing) can be determined acutely at the 
time an implantable pulse generator (IPG) is implanted. 
Thereafter, the operative AV interval can be automatically 
adjusted pursuant to an algorithm intended to keep the 
LEPARS interval constant. 
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In one embodiment of the present invention, a data set 
optionally con?gured as a look-up-table (LUT) correlates a 
plurality of data; for example, LEPARS intervals, heart 
rates, activity sensor signal inputs, discrete physiologic 
cardiac timing intervals and the like. Dynamically referenc 
ing the data set (e.g., LUT) set an appropriate operating AV 
delay interval. If a mathematical derivation of heart rate is 
used to set the LEPARS interval, the data set or a lookup 
table can comprise at least tWo data sets or LUTs, one for 
stable or relatively stable HR, and another for various 
rate-of-change of the HR to more accurately re?ect a physi 
ologic LEPARS interval. Alternatively, the LEPARS pacing 
modality according to the invention may be terminated in 
the event of relatively high or unstable heart rates. In fact, 
the inventors suggest that the LEPARS pacing modality 
cease and/or a pacing mode sWitch is performed to a 
non-atrial tracking mode in the event that an arrhythmia is 
detected (esp. atrial ?brillation or “AF”). More generally, 
multiple LUTs may be utiliZed that correlate to one or more 
physiologic parameters (e.g., containing AV intervals for 
both paced and intrinsic atrial activation). That is, the data 
set should provide operating AV intervals that maintain the 
LEPARS interval (i.e., the elapsed time betWeen an LVp 
event and the resulting RVs event) over a broad range of 
heart rates. 
Among other aspects, the present invention provides an 

energy-e?icient manner of providing fusion-pacing therapy 
providing immediate improved contractility and maximum 
(LV) pressure development. Apacing stimulus is provided to 
the LV as is knoWn in the art (e.g., via an electrode deployed 
into a portion of the coronary sinus, great vein, and branches 
thereof or epicardially) and the time interval (LEPARS 
interval) betWeen LV pacing delivery and sensed depolar 
iZation of the RV is maintained. As depicted herein, an atrial 
pacing/ sensing lead operatively couples to an atrial chamber, 
a pacing lead operatively couples to the LV, and a sensing 
lead couples to the RV. 
A variety of locations for the atrial lead can be used to 

successfully practice the methods of the present invention. 
For example, electrical communication (e.g., pacing and 
sensing an atrial chamber) With the RA can utiliZe a uni 
polar or bi-polar electrode arrangement in either an epicar 
dial or endocardial location. Similarly, depolarizations of the 
ventricles can utiliZe any knoWn sensing vector (e.g., tip 
to-ring, coil-to-can, coil-to-coil, etc.). An endocardial loca 
tion may include the common RA pacing site of the RA 
appendage although RA septal or other locations are accept 
able. An electrode operatively coupled to the LA may also 
be used, including such locations as the CS and portions 
distal to the os of the CS, as Well as the inter-atrial septal 
Wall, among others. 

In addition, one or more mechanical, acoustic and/or 
activity sensors may be coupled to the heart and used to 
con?rm that a desired amount of ventricular synchrony 
results from the fusion pacing therapy. Some representative 
mechanical sensors for this purpose include ?uid pressure 
sensors or acceleration sensors and the like. The mechanical 
sensors operatively couple to the heart (e.g., LV lateral 
free-Wall, RV septal Wall, epicardial RV locations, etc.). 
Output signals from such sensors may be used to modify the 
timing of the fusion-pacing stimulus, especially during 
episodes such as a rapidly changing heart rate. 

In addition to the therapy delivery aspects of the present 
invention, a discrete feW therapy delivery guidance or secu 
rity options may be used to determine if the fusion pacing 
therapy ought to be modi?ed, initiated or discontinued. For 
example, in the event a transient conduction anomaly inter 
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4 
rupting AV conduction is detected a pacing modality sWitch 
to a double or triple chamber pacing modality could be 
implemented (e.g., DDD). In the event that the LEPARS 
interval decreases or increases relative to a prior calibrated 
or operating value a similar pacing mode sWitch can be 
implemented, fusion-pacing could cease or the AV interval 
adjusted. If one of the sensors indicates increasing ventricu 
lar asynchrony or decreasing hemodynamic response to the 
therapy, the fusion pacing therapy can be modi?ed or cease. 
Furthermore, from time-to-time the fusion pacing therapy 
could be suspended While cardiac activity is monitored so 
that any change in normal sinus rhythm, or improvement in 
ventricular synchrony or performance (e.g., desirable so 
called “reverse remodeling”) can be accommodated. In the 
event that ventricular synchrony and conduction improves 
markedly, or that the suspension of fusion-based CRT results 
in improved hemodynamics, a pacing mode sWitch from 
fusion-based CRT to a very energy ef?cient physiologic, 
single stimulus, atrial-based pacing mode such as AAI, ADI, 
AAI/ R, ADI/ R and the like may be implemented. Thereafter, 
in the event that conduction anomalies cause ventricular 
asynchrony and resultant hemodynamic compromise or a 
heart failure decompensation event, another pacing mode 
sWitch can be implemented to resume an fusion-pacing 
mode according to the present invention. 
The foregoing and other aspects and features of the 

present invention Will be more readily understood from the 
folloWing detailed description of the embodiments thereof, 
When considered in conjunction With the draWings, in Which 
like reference numerals indicate similar structures through 
out the several vieWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an illustration of transmission of the cardiac 
depolarization Waves through the heart in a normal intrinsic 
electrical activation sequence. 

FIG. 2 is a schematic diagram depicting a three channel, 
atrial and bi-ventricular, pacing system for implementing the 
present invention. 

FIG. 3 is a simpli?ed block diagram of one embodiment 
of IPG circuitry and associated leads employed in the system 
of FIG. 2 for providing three sensing channels and corre 
sponding pacing channels that selectively functions in an 
energy ef?cient ventricular-fusion pacing mode according to 
the present invention. 

FIG. 4 is schematic representation of the basic principles 
of a LEPARS interval-driven pacing modality according to 
the present invention. 

FIG. 5 illustrates four cardiac cycles during Which dif 
ferent AV intervals Were applied, said AV intervals com 
posed of atrial pacing (AP) and LV pacing (VP) events and 
the resulting EGM Waveforms of the evoked responses. 

FIG. 6 depicts RV and LV QRS complex morphology 
during RV and LV pacing at AV intervals ranging from 40 ms 
to 200 ms. 

FIG. 7 is a temporal tracing of a surface ECG, a pacing 
“marker channel” composed of atrial pacing events (AP), LV 
pacing events (VP), and RV sensing events (VR)ibecause 
such events are deemed non-physiologic “refractory” events 
occurring too soon after the VP events, and resulting LV 
pressure development (dP/dtmax). 

FIG. 8 graphically depicts a comparison of percentage 
increase in pressure development (“% increase dP/dt”) for 
LV-only pacing therapy delivery at AV75 to 35 patients (the 
22 developed fusion and the 13 that did not). 
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FIGS. 9A and 9B graphically depicts comparison of 
pressure development (dP/dt) for LV-only pacing and bi 
ventricular pacing at tWo different AV intervals (AVloo and 

AV75). 
FIGS. 10-12 are How charts depicting a feW embodiments 

and/or aspects of the present invention. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATED EMBODIMENTS 

In a prior study for the optimization of AV and V-V 
intervals, development of pressure in the LV (e.g., dP/dt) for 
a triple-chamber IPG Was utilized as a hemodynamic param 
eter re?ecting LV contractility. In one protocol, a measure 
ment of dP/dt during RV-only pacing Was studied (as func 
tion of the AV interval). Observation at the time yielded a 
conclusion that a 100 ms AV interval (ARVOO) is the longest 
AV interval at Which no (electrocardiographic-based as 
opposed to mechanically-based) ventricular fusion occurred 
during RV-only pacing. Subsequently the effect of an AV 
interval of 75%, 50% and 25% of the longest value Was 
measured (in the draWings appended hereto referred to as 
AV75, AVSO, and ALV255 respectively). After these measure 
ments Were made the protocol Was continued With LV-only 
pacing employing the same AV intervals. Surprisingly, 
fusion Was not observed during RV-only pacing, Whereas 
fusion Was observed during LV pacing (at ARVO0 and in 60% 
of the patients at AV75). The QRS tracings depicting the 
presence of fusion is presented in FIG. 6 (Wherein an ECG 
lead (RV) shoWs ORS morphology during delivery of RV 
only and LV-only pacing therapy). During RV pacing no 
fusion Was observed and during LV-only pacing fusion Was 
observed to be present for AV intervals of 120 ms to 180 ms 
(see EGM traces 672,674,676 of FIG. 6). 

FIG. 9A depicts a comparison 900 of developing pressure 
(dP/dt) With bi-ventricular pacing versus LV-only ventricu 
lar pacing at tWo AV intervals (ARV0O and AV75). Inspection 
of FIG. 9A illustrates superior hemodynamic effects of the 
inventive fusion therapy according to the present invention 
(e.g., higher dP/dtmax for LV pacingiof about 979 mmHg/ 
sithan for bi-ventricular pacingiof about 949 mmHg/s) 
Which is highly statistically signi?cant (p:0.006). Assuming 
that fusion is achieved and maintained for a range of 
operating AV intervals, the hemodynamics of LV fusion 
according to the invention are believed to be superior to 
bi-ventricular pacing therapy. With reference to FIG. 8, 
(Wherein an AV interval that produced fusion in response to 
LV-only pacing in all patients is referred to as AVlOO) an AV 
interval of 75% of the maximum (denoted AV75) produced 
LV-only fusion depolarization for just over 60% of the 
patients during LV-only pacing. That is, the percentage of 
patients With fusion at AV75 is illustrated in FIG. 8 (22/ 
35:63%). Referring again to FIG. 9A, the comparison 
illustrates that at AV75, LV pacing shoWs a trend toWards a 
higher pressure rate-of-change (dP/dt) than bi-ventricular 
pacing (i.e., dP/dtmax for LV pacing Was 902 mmHg/ s While 
for biventricular pacing the value Was 888 mmHg/s). Tum 
ing noW to FIG. 9B illustrates at 901 maximum pressure 
development (dP/dtmax) at AV75 for patients that achieved 
LV-only pacing fusion and those that did not achieve fusion. 
Inspection of FIG. 9A reveals the folloWing: of the 22 
patients that achieved LV-only pacing fusion shoWed a trend 
toWards a higher dP/dtmax (as depicted at 912) than they did 
When receiving bi-ventricular pacing (as depicted at 914) of 
964 mmHg/s versus 938 mmHg/ s. In contrast, patients Who 
did not achieve LV-only pacing fusion fared poorly When 
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6 
compared to pressure development from bi-ventricular pac 
ing (919 mmHg/s vs. 957 mmHg/s) as depicted at 916,918. 
The inventors thus posit that LV-only pacing according to 

the invention that produces fusion of pacing-induced and 
intrinsically-activated ventricular depolarization Wavefronts 
results in developed ventricular pressure (dP/dtmax) of equal 
or greater magnitude than bi-ventricular pacing. Left ven 
tricular pacing and fusion Within this context means LV 
stimulation associated With intrinsic conduction via the right 
bundle branch. Left ventricular pacing With fusion can be 
recognized from a surface ECG (or intracardiac electrogram 
or “EGM”). This implies that the degree of fusion is 
determined by the interval betWeen LV pacing and RV 
sensing (the LEft ventricular PAcing, Right ventricular 
Sensing interval, or “LEPARS interval”). Accordingly, the 
inventors assert that the degree of fusion betWeen LV pacing 
and intrinsic right bundle branch activation is determined by 
the LEPARS interval (i.e., the elapsed time from LV stimu 
lation to a sensed, intrinsic right bundle branch activation of 
the RV). According to the invention, an optimum value of 
the LEPARS interval, someWhat analogous to the V-V 
interval of traditional bi-ventricular pacing, is implemented 
chronically to provide a hemodynamic advantage over RV 
only pacing and bi-ventricular pacing. In addition, LV-only 
pacing according to the invention also requires less valuable 
energy compared to bi-ventricular pacing therapy. 

In addition, the inventors also found that the LEPARS 
interval should be maintained by controlling the operating 
AV interval for an IPG during pacing therapy delivery. That 
is, assuming a static LEPARS interval the operating AV 
interval determines Whether fusion Will be present and the 
magnitude of the fusion. Assuming that the LV is stimulated 
before intrinsic activation of the LV occurs (via the right 
bundle branch due to the LBBB defective conduction con 
dition), three (3) scenarios arise, as depicted in FIG. 5A-D. 
In FIG. 5A and FIG. 5B, an atrial pace (“AP”) event is 
folloWed by a LV pace (“VP”) event at anAV interval of 350 
ms and 300 ms, respectively. The RV EGMs for these pacing 
sequences appears fairly closely aligned With the R-Wave of 
the evoked depolarization and thus, the RV depolarization 
resulted from intrinsic conduction via the right bundle and 
no fusion Was achieved. In FIG. 5C, the atrial pacing 
stimulus Was folloWed by LV pacing delivery at 250 ms and 
LV fusion Was observed. In FIG. 5D, an AV interval or 200 
ms Was employed and delayed activation Was observed from 
the left ventricular stimulus (Without fusion). 

Stated another Way, the three scenarios include: 
1.) LV fusion can be achieved from LV pacing stimulation 

and RV intrinsic activation via the right bundle. In this 
scenario, the LEPARS interval is shorter than the inter 
ventricular conduction time (IVCT). As noted above, the 
IVCT consists of the interval betWeen LV pacing delivery 
and the later arrival of the LV depolarization Wavefront at 
the electrode disposed in operative electrical communication 
With the RV. Symbolically, this fusion-generating relation 
ship can be expressed: LEPARS interval <IVCT. 

2.) RV fusion can be achieved due to both intrinsic right 
bundle activation and RV activation caused by a depolar 
ization Wavefront from LV pacing therapy delivery. Sym 
bolically, this relationship can be expressed: LEPARS 
intervalzIVCT. 

3. No fusion achieved due to activation at the RV sensing 
electrode(s) from depolarization Wavefronts propagated 
solely from LV pacing stimulus. In this condition, shortening 
of the AV interval Will not affect the LEPARS interval. 
Symbolically, this relationship can be expressed as: LEP 
ARS interval:IVCT. 
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From the foregoing, for LV-only pacing a hemodynamic 
optimum value exists for the LEPARS interval that depends 
upon timing of a pair of depolarization Wavefronts (one 
evoked in the LV, one intrinsically propagated from the 
atria). Furthermore, hemodynamic parameters (e.g., dP/dt 
max) and/or echocardiographic parameters (e.g., aortic VTI, 
TDI) for minimal LV asynchrony can determine this opti 
mum and the concomitant optimized LEPARS interval. 
Once an optimal LEPARS interval has been determined, it 
should be operably programmed in the pacing circuitry. The 
pacemaker should be able to monitor the LEPARS interval 
and if the interval varies, a feedback system should correct 
this by adaptation of the AV interval. FIG. 4 represents the 
schematic illustration of this principle. 
By keeping the LEPARS interval at a constant value by 

adjusting the value of an operating AV delay interval, a 
pacing system automatically adapts to the appropriate AV 
interval at higher atrial rates (paced or sensed). This implies 
that even during exercise, When the intrinsic AV shortens, 
the LEPARS interval is maintained at its optimum value by 
adaptation of the AV interval. 

Before the LEPARS interval is measured the P-P interval 
should be compared to a mean value of a previous number 
of cardiac cycles (e.g., 4-, 8-, 16-, 32-cycles). This compari 
son should avoid ventricular pacing With an inappropriate 
AV interval on premature atrial beats or other arrhythmias 
causing a sudden variation in intrinsic AV conduction. In the 
event such events occur, the pacing system should revert to 
bi-ventricular pacing With a relative short AV interval in 
order to maintain resynchronization therapy. 

The inventors suggest that the LEPARS interval-based 
pacing therapy should be applied only in patients With 
normal intrinsic AV conduction (and LBBB conduction 
status). It should not be used as a “stand alone” system, but 
should be a programmable option in bi-ventricular systems 
for selected patients. Furthermore, the LEPARS interval 
based pacing therapy should not be used in patients With 
irregular heart rhythms, like atrial ?brillation (AF). For 
example, if AF is detected in a patient With LV pacing using 
the LEPARS interval-based pacing modality, a mode sWitch 
should occur to a non-tracking mode With bi-ventricular 
pacing. 

In the folloWing detailed description, references are made 
to illustrative embodiments for carrying out an energy 
ef?cient, LEPARS interval-based pacing modality according 
to the present invention. It is understood that other embodi 
ments may be utilized Without departing from the scope of 
the invention. For example, the invention is disclosed in 
detail herein in the context of an intrinsically-based or AV 
sequential (evoked) uni-ventricular single-chamber pacing 
system operating in an atrial tracking, demand and/or trig 
gered pacing modes. The present invention provides an 
ef?cient pacing modality for restoring electromechanical 
ventricular synchrony based upon either atrial-paced or 
atrial-sensed events particularly for patients having some 
degree of either chronic, acute or paroxysmal ventricular 
conduction block (e.g., intraventricular and/or LBBB). Car 
diac pacing apparatus according to the invention are pro 
grammable to optionally operate as a dual- or triple-chamber 
pacing system having an AV synchronous operating mode 
for restoring upper and loWer heart chamber synchronization 
and right and left atrial and/or ventricular chamber depolar 
ization synchrony. A system according to the invention 
ef?ciently provides cardiac resynchronization therapy 
(CRT) With a single ventricular stimulus per cardiac cycle. 
In one embodiment, the inventive pacing system operates in 
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8 
a VDD or VDD/R operating mode Wherein intrinsic atrial 
events govern the timing of the AV interval (i.e., herein the 
A-LVP interval). 

The present invention provides enhanced hemodynamic 
performance for patients having intact nodal conduction but 
that nevertheless suffer from various forms of heart failure, 
LV asynchrony, LV dysfunction, and/or ventricular conduc 
tion abnormalities. Pacing systems according to the inven 
tion can also include rate responsive features and anti 
tachyarrhythmia pacing and the like. In addition, a system 
according to the invention may include cardioversion and/or 
de?brillation therapy delivery. 

In accordance With an aspect of the present invention, a 
method and apparatus is provided to restore the normal 
depolarization-repolarization cardiac cycle sequence of FIG. 
1 and the synchrony betWeen the RV, septum, and LV that 
contributes to adequate cardiac output related to the syn 
chronized electromechanical performance of the RV and LV. 
The foregoing and other aspects of the invention are realized 
through delivery of cardiac pacing stimulation to a more 
sloWly depolarizing LV that are timed to occur prior to a 
sensed depolarization in the RV. As a result of such timing, 
the LV essentially is “pre-excited” so that the electrome 
chanical performance of RV and LV merge into a “fusion 
event.” The amount of temporal pre-excitation provided 
depends on a number of factors. For example, physiologic 
conduction delay from the A-V node through the His 
Purkinje ?bers, electrical conduction delay for sensing int 
racardiac events (from electrodes through threshold sensing 
circuitry of a medical device), electrical conduction delay 
for pacing therapy delivery circuitry, ischemic episodes 
temporarily tempering conduction pathways, myocardial 
infarction(s) zones, all can deleteriously impact cardiac 
conduction. Because the conduction status of a patient can 
vary over time and/or vary based on other factors such as 
heart rate, autonomic tone and metabolic status, the present 
invention provides a dynamically controllable pre-excitation 
pacing modality. For example, based one or more of several 
factors, an pre-excitation optimization routine (or sub-rou 
tine) can be triggered so that a desired amount of single 
chamber fusion-based pacing ensues. Some of the factors 
include, (i) completion of a pre-set number of cardiac cycles, 
(ii) pre-set time limit, (iii) loss of capture of the paced 
ventricle (LV), and/or (iv) physiologic response triggers 
(e.g., systemic or intracardiac pressure ?uctuation, heart rate 
excursion, metabolic demand increase, decrease in heart 
Wall acceleration, intracardiac electrogram morphology or 
timing, etc.). The present invention inherently compensates 
for the particular implantation sites of the pace/sense elec 
trode pair operatively coupled to the LV chamber. 

FIG. 2 is a schematic representation of an implanted, 
triple-chamber cardiac pacemaker comprising a pacemaker 
IPG 14 and associated leads 16, 32 and 52 in Which the 
present invention may be practiced. The pacemaker IPG 14 
is implanted subcutaneously in a patient’s body betWeen the 
skin and the ribs. The three endocardial leads 16,32,52 
operatively couple the IPG 14 With the RA, the RV and the 
LV, respectively. Each lead includes at least one electrical 
conductor and pace/ sense electrode, and a remote indifferent 
can electrode 20 is formed as part of the outer surface of the 
housing of the IPG 14. As described further beloW, the 
pace/ sense electrodes and the remote indifferent can elec 
trode 20 (IND_CAN electrode) can be selectively employed 
to provide a number of unipolar and bipolar pace/sense 
electrode combinations for pacing and sensing functions, 
particularly sensing far ?eld signals (e.g. far ?eld R-Waves). 
The depicted positions in or about the right and left heart 



US 7,254,442 B2 
9 

chambers are also merely exemplary. Moreover other leads 
and pace/ sense electrodes may be used instead of the 
depicted leads and pace/sense electrodes that are adapted to 
be placed at electrode sites on or in or relative to the RA, LA, 
RV and LV. In addition, mechanical and/or metabolic sen 
sors can be deployed independent of, or in tandem With, one 
or more of the depicted leads. 

The depicted bipolar endocardial RA lead 16 is passed 
through a vein into the RA chamber of the heart 10, and the 
distal end of the RA lead 16 is attached to the RA Wall by 
an attachment mechanism 17. The bipolar endocardial RA 
lead 16 is formed With an in-line connector 13 ?tting into a 
bipolar bore of IPG connector block 12 that is coupled to a 
pair of electrically insulated conductors Within lead body 15 
and connected With distal tip RA pace/sense electrode 19 
and proximal ring RA pace/ sense electrode 21. Delivery of 
atrial pace pulses and sensing of atrial sense events is 
effected betWeen the distal tip RA pace/ sense electrode 19 
and proximal ring RA pace/ sense electrode 21, Wherein the 
proximal ring RA pace/sense electrode 21 functions as an 
indifferent electrode (IND_RA). Alternatively, a unipolar 
endocardial RA lead could be substituted for the depicted 
bipolar endocardial RA lead 16 and be employed With the 
IND_CAN electrode 20. Or, one of the distal tip RA 
pace/sense electrode 19 and proximal ring RA pace/sense 
electrode 21 can be employed With the IND_CAN electrode 
20 for unipolar pacing and/or sensing. 

Bipolar, endocardial RV lead 32 is passed through the 
vein and the RA chamber of the heart 10 and into the RV 
Where its distal ring and tip RV pace/ sense electrodes 38 and 
40 are ?xed in place in the apex by a conventional distal 
attachment mechanism 41. The RV lead 32 is formed With 
an in-line connector 34 ?tting into a bipolar bore of IPG 
connector block 12 that is coupled to a pair of electrically 
insulated conductors Within lead body 36 and connected 
With distal tip RV pace/ sense electrode 40 and proximal ring 
RV pace/sense electrode 38, Wherein the proximal ring RV 
pace/sense electrode 38 functions as an indifferent electrode 
(IND_RV). Alternatively, a unipolar endocardial RV lead 
could be substituted for the depicted bipolar endocardial RV 
lead 32 and be employed With the IND_CAN electrode 20. 
Or, one of the distal tip RV pace/sense electrode 40 and 
proximal ring RV pace/ sense electrode 38 can be employed 
With the IND_CAN electrode 20 for unipolar pacing and/or 
sensing. 

In this illustrated embodiment, a bipolar, endocardial 
coronary sinus (CS) lead 52 is passed through a vein and the 
RA chamber of the heart 10, into the coronary sinus and then 
inferiorly in a branching vessel of the great cardiac vein to 
extend the proximal and distal LV CS pace/ sense electrodes 
48 and 50 alongside the LV chamber. The distal end of such 
a CS lead is advanced through the superior vena cava, the 
right atrium, the ostium of the coronary sinus, the coronary 
sinus, and into a coronary vein descending from the coro 
nary sinus, such as the lateral or posteriolateral vein. 

In a four chamber or channel embodiment, LV CS lead 52 
bears proximal LA CS pace/sense electrodes 28 and 30 
positioned along the CS lead body to lie in the larger 
diameter CS adjacent the LA. Typically, LV CS leads and 
LA CS leads do not employ any ?xation mechanism and 
instead rely on the close con?nement Within these vessels to 
maintain the pace/sense electrode or electrodes at a desired 
site. The LV CS lead 52 is formed With a multiple conductor 
lead body 56 coupled at the proximal end connector 54 
?tting into a bore of IPG connector block 12. A small 
diameter lead body 56 is selected in order to lodge the distal 
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10 
LV CS pace/sense electrode 50 deeply in a vein branching 
inferiorly from the great vein GV. 

In this embodiment, the CS lead body 56 Would encase 
four electrically insulated lead conductors extending proxi 
mally from the more proximal LA CS pace/ sense electrode 
(s) and terminating in a dual bipolar connector 54. The LV 
CS lead body Would be smaller betWeen the LA CS pace/ 
sense electrodes 28 and 30 and the LV CS pace/sense 
electrodes 48 and 50. It Will be understood that LV CS lead 
52 could bear a single LA CS pace/ sense electrode 28 and/or 
a single LV CS pace/sense electrode 50 that are paired With 
the IND_CAN electrode 20 or the ring electrodes 21 and 38, 
respectively for pacing and sensing in the LA and LV, 
respectively. 

Further, FIG. 3 depicts bipolar RA lead 16, bipolar RV 
lead 32, and bipolar LV CS lead 52 Without the LA CS 
pace/ sense electrodes 28 and 30 coupled With an IPG circuit 
300 having programmable modes and parameters of a bi 
ventricular DDDR type knoWn in the pacing art. In addition, 
at least one physiologic sensor 41 is depicted operatively 
coupled to a portion of myocardium and electrically coupled 
to a sensor signal processing circuit 43. In turn the sensor 
signal processing circuit 43 indirectly couples to the timing 
circuit 330 and via bus 306 to microcomputer circuitry 302. 
The IPG circuit 300 is illustrated in a functional block 
diagram divided generally into a microcomputer circuit 302 
and a pacing circuit 320. The pacing circuit 320 includes the 
digital controller/timer circuit 330, the output ampli?ers 
circuit 340, the sense ampli?ers circuit 360, the RF telem 
etry transceiver 322, the activity sensor circuit 322 as Well 
as a number of other circuits and components described 
beloW. 

Crystal oscillator circuit 338 provides the basic timing 
clock for the pacing circuit 320, While battery 318 provides 
poWer. PoWer-on-reset circuit 336 responds to initial con 
nection of the circuit to the battery for de?ning an initial 
operating condition and similarly, resets the operative state 
of the device in response to detection of a loW battery 
condition. Reference mode circuit 326 generates stable 
voltage reference and currents for the analog circuits Within 
the pacing circuit 320, While analog to digital converter 
ADC and multiplexer circuit 328 digitiZes analog signals 
and voltage to provide real time telemetry if a cardiac signals 
from sense ampli?ers 360, for uplink transmission via RF 
transmitter and receiver circuit 332. Voltage reference and 
bias circuit 326, ADC and multiplexer 328, poWer-on-reset 
circuit 336 and crystal oscillator circuit 338 may correspond 
to any of those presently used in current marketed implant 
able cardiac pacemakers. 

If the IPG is programmed to a rate responsive mode, the 
signals output by one or more physiologic sensor are 
employed as a rate control parameter (RCP) to derive a 
physiologic escape interval. For example, the escape interval 
is adjusted proportionally the patient’s activity level devel 
oped in the patient activity sensor (PAS) circuit 322 in the 
depicted, exemplary IPG circuit 300. The patient activity 
sensor 316 is coupled to the IPG housing and may take the 
form of a pieZoelectric crystal transducer as is Well knoWn 
in the art and its output signal is processed and used as the 
RCP. Sensor 316 generates electrical signals in response to 
sensed physical activity that are processed by activity circuit 
322 and provided to digital controller/timer circuit 330. 
Activity circuit 332 and associated sensor 316 may corre 
spond to the circuitry disclosed in US. Pat. Nos. 5,052,388 
and 4,428,378. Similarly, the present invention may be 
practiced in conjunction With alternate types of sensors such 
as oxygenation sensors, pressure sensors, pH sensors and 
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respiration sensors, all Well known for use in providing rate 
responsive pacing capabilities. Altemately, QT time may be 
used as the rate indicating parameter, in Which case no extra 
sensor is required. Similarly, the present invention may also 
be practiced in non-rate responsive pacemakers. 

Data transmission to and from the external programmer is 
accomplished by means of the telemetry antenna 334 and an 
associated RF transmitter and receiver 332, Which serves 
both to demodulate received doWnlink telemetry and to 
transmit uplink telemetry. Uplink telemetry capabilities Will 
typically include the ability to transmit stored digital infor 
mation, e.g. operating modes and parameters, EGM histo 
grams, and other events, as Well as real time EGMs of atrial 
and/or ventricular electrical activity and Marker Channel 
pulses indicating the occurrence of sensed and paced depo 
lariZations in the atrium and ventricle, as are Well knoWn in 
the pacing art. 

Microcomputer 302 contains a microprocessor 304 and 
associated system clock 308 and on-processor RAM and 
ROM chips 310 and 312, respectively. In addition, micro 
computer circuit 302 includes a separate RAM/ROM chip 
314 to provide additional memory capacity. Microprocessor 
304 normally operates in a reduced poWer consumption 
mode and is interrupt driven. Microprocessor 304 is aWak 
ened in response to de?ned interrupt events, Which may 
include A-TRIG, RV-TRIG, LV-TRIG signals generated by 
timers in digital timer/controller circuit 330 and A-EVENT, 
RV-EVENT, and LV-EVENT signals generated by sense 
ampli?ers circuit 360, among others. The speci?c values of 
the intervals and delays timed out by digital controller/timer 
circuit 330 are controlled by the microcomputer circuit 302 
by means of data and control bus 306 from programmed-in 
parameter values and operating modes. In addition, if pro 
grammed to operate as a rate responsive pacemaker, a timed 
interrupt, e.g., every cycle or every tWo seconds, may be 
provided in order to alloW the microprocessor to analyZe the 
activity sensor data and update the basic A-A, V-A, or V-V 
escape interval, as applicable. In addition, the microproces 
sor 304 may also serve to de?ne variable AV delays and the 
uni-ventricular, pre-excitation pacing delay intervals 
(A-LVp) from the activity sensor data, metabolic sensor(s) 
and/or mechanical sensor(s). 

In one embodiment of the invention, microprocessor 304 
is a custom microprocessor adapted to fetch and execute 
instructions stored in RAM/ROM unit 314 in a conventional 
manner. It is contemplated, hoWever, that other implemen 
tations may be suitable to practice the present invention. For 
example, an olf-the-shelf, commercially available micropro 
cessor or microcontroller, or custom application-speci?c, 
hardWired logic, or state-machine type circuit may perform 
the functions of microprocessor 304. 

Digital controller/timer circuit 330 operates under the 
general control of the microcomputer 302 to control timing 
and other functions Within the pacing circuit 320 and 
includes a set of timing and associated logic circuits of 
Which certain ones pertinent to the present invention are 
depicted. The depicted timing circuits include URI/LRI 
timers 364, V-V delay timer 366, intrinsic interval timers 
368 for timing elapsed V-EVENT to V-EVENT intervals or 
V-EVENT to A-EVENT intervals or the V-V conduction 
interval, escape interval timers 370 for timing A-A, V-A, 
and/or V-V pacing escape intervals, an AV delay interval 
timer 372 for timing the A-LVp delay (or A-RVp delay) from 
a preceding A-EVENT or A-TRIG, a post-ventricular timer 
374 for timing post-ventricular time periods, and a date/time 
clock 376. 
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In the present invention, the AV delay interval timer 372 

is loaded With an appropriate PEI delay interval for the LV 
chamber (i.e., either an A-RVP delay or an A-LVp delay as 
determined by the How chart depicted at FIG. 4 and FIG. 5) 
to time-out starting from a preceding A-PACE or A-EVENT. 
The interval timer 372 times the PEI, and is based on one or 
more prior cardiac cycles (or from a data set empirically 
derived for a given patient) and does not depend on sensing 
of a depolarization in the other ventricle (i.e., RV) during 
pre-excitation fusion-based pacing therapy delivery accord 
ing to the present invention. 
The post-event timers 374 time out the post-ventricular 

time periods folloWing an RV-EVENT or LV-EVENT or a 
RV-TRIG or LV-TRIG and post-atrial time periods folloW 
ing an A-EVENT or A-TRIG. The durations of the post 
event time periods may also be selected as programmable 
parameters stored in the microcomputer 302. The post 
ventricular time periods include the PVARP, a post-atrial 
ventricular blanking period (PAVBP), a ventricular blanking 
period (V BP), and a ventricular refractory period (VRP). 
The post-atrial time periods include an atrial refractory 
period (ARP) during Which an A-EVENT is ignored for the 
purpose of resetting any AV delay, and an atrial blanking 
period (ABP) during Which atrial sensing is disabled. It 
should be noted that the starting of the post-atrial time 
periods and the AV delays can be commenced substantially 
simultaneously With the start or end of each A-EVENT or 
A-TRIG or, in the latter case, upon the end of the A-PACE 
Which may folloW the A-TRIG. Similarly, the starting of the 
post-ventricular time periods and the V-A escape interval 
can be commenced substantially simultaneously With the 
start or end of the V-EVENT or V-TRIG or, in the latter case, 
upon the end of the V-PACE Which may folloW the V-TRIG. 
The microprocessor 304 also optionally calculates AV 
delays, post-ventricular time periods, and post-atrial time 
periods that vary With the sensor based escape interval 
established in response to the RCP(s) and/or With the 
intrinsic atrial rate. 
The output ampli?ers circuit 340 contains a RA pace 

pulse generator (and a LA pace pulse generator if LA pacing 
is provided), a RV pace pulse generator, and a LV pace pulse 
generator or corresponding to any of those presently 
employed in commercially marketed cardiac pacemakers 
providing atrial and ventricular pacing. In order to trigger 
generation of an RV-PACE or LV-PACE pulse, digital con 
troller/timer circuit 330 generates the RV-TRIG signal at the 
time-out of the A-RVP delay (in the case of RV pre 
excitation) or the LV-TRIG at the time-out of the A-LVp 
delay (in the case of LV pre-excitation) provided by AV 
delay interval timer 372 (or the V-V delay timer 366). 
Similarly, digital controller/timer circuit 330 generates an 
RA-TRIG signal that triggers output of an RA-PACE pulse 
(or an LA-TRIG signal that triggers output of an LA-PACE 
pulse, if provided) at the end of the V-A escape interval 
timed by escape interval timers 370. 
The output ampli?ers circuit 340 includes sWitching cir 

cuits for coupling selected pace electrode pairs from among 
the lead conductors and the IND_CAN electrode 20 to the 
RA pace pulse generator (and LA pace pulse generator if 
provided), RV pace pulse generator and LV pace pulse 
generator. Pace/sense electrode pair selection and control 
circuit 350 selects lead conductors and associated pace 
electrode pairs to be coupled With the atrial and ventricular 
output ampli?ers Within output ampli?ers circuit 340 for 
accomplishing RA, LA, RV and LV pacing. 
The sense ampli?ers circuit 360 contains sense ampli?ers 

corresponding to any of those presently employed in con 














